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Architectural patterns in branching morphogenesis in the kidney.
During kidney development, several discrete steps generate its
three-dimensional pattern including specific branch types, re-
gional differential growth of stems, the specific axes of growth and
temporal progression of the pattern. The ureteric bud undergoes
three different types of branching. In the first, terminal bifid type,
a lateral branch arises and immediately bifurcates to form two
terminal branches whose tips induce the formation of nephrons.
After 15 such divisions (in humans) of this specifically renal type
of branching, several nephrons are induced whose connecting
tubules fuse and elongate to form the arcades. Finally, the last
generations undergo strictly lateral branching to form the cortical
system. The stems of these branches elongate in a highly regulated
pattern. The molecular basis of these processes is unknown and
we briefly review their potential mediators. Differential growth in
three different axes of the kidney (cortico-medullary, dorso-
ventral and rostro-caudal) generate the characteristic shape of the
kidney. Rapid advances in molecular genetics highlight the need
for development of specific assays for each of these discrete steps,
a prerequisite for identification of the involved pathways. The
identification of molecules that control branching (the ultimate
determinant of the number of nephrons) has acquired new
urgency with the recent suggestion that a reduced nephron
number predisposes humans to hypertension and to progression
of renal failure.
Research in kidney development has entered a golden
age driven by the application of the powerful tools of
molecular genetics. Not only have nephrologists applied
these reagents to the study of kidney development, but the
rise of the technology of gene deletions in mammals has led
to the identification of hitherto unsuspected critical factors
in renal development. Renal organogenesis has the attrac-
tion of being readily observable in vitro [1], which allows
investigators to test several hypotheses using more direct
methods than is applicable to other organs. Recent excel-
lent reviews have emphasized the role of extracellular
matrix molecules, transcription factors, signaling pathways
and growth factors [2–8]. A comprehensive database has
recently been compiled by J. Davies into a readily accessi-
ble internet resource [9]. This should facilitate progress in
this field and eventually permit the development of an atlas
of gene expression in the kidney during development.
However, in this arcadian scenario, a number of problems
have crept up, most of which deal with discrepancies
between in vitro results and those produced by gene dele-
tions. For instance, interruption of the signaling pathways
of several growth factors such as insulin-like growth factor
(IGF), nerve growth factor (NGF), hepatocyte growth
factor (HGF), and basic fibroblast growth factor (bFGF)
convincingly inhibit renal development in organ culture [4],
yet, knock-out of the genes for these factors or their
receptors does not lead to a “renal phenotype.” Conse-
quently, terms such as redundancy have appeared in the
literature with distressing frequency [10]. An equally likely
interpretation of the discrepancy between these two kinds
of studies is that the correct assay for deciphering the
action of this gene is yet to be devised, a position whose
advantages (aside from humility) are that it encourages the
search for new assays to test the function of these genes.
The development of many organs starts with folding of
an epithelial sheet that progresses into the formation of a
bud. Elongation of the bud forces the rudiment of this
proto-organ to invade another tissue, frequently composed
of mesenchyme. Eventually the bud will undergo a series of
divisions. Most organs are composed of units, be they
nephrons in the kidney or lobules in exocrine glands. The
arborization is stereotyped in each organ, resulting in a set
number of divisions and a defined number of units. How-
ever, the branching patterns are quite specific to the organ.
Although we will touch on branching morphogenesis in
other systems, this review focuses on the role of this process
in the generation of the mammalian kidney. Development
of the kidney starts when an outpouch of the wolfian duct,
the ureteric bud, grows and invades a group of mesenchy-
mal cells, the metanephric mesenchyme. We previously
found that the mesenchymal cells are composed of stem
cells that are capable of populating the glomeruli, proximal
loop and distal segments of the nephron. In addition, they
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also produced non-epithelial cells that were stromal in
distribution [11]. The collecting system of the nephron
forms from branches of the ureteric bud. The branching of
the ureteric bud is highly structured and shows several
types of repeating patterns of divisions. Each tip of the
branch is capable of inducing about 100 mesenchymal cells
to survive [12], proliferate and to undergo mesenchymal to
epithelial transformation leading to the generation of the
epithelial cells of the nephron. The induced mesenchyme in
turn secretes factors that promote further growth, prolifer-
ation and division of the ureteric bud [reviewed in 13]. In
addition to this reciprocal interaction, the induced mesen-
chyme and ureteric bud must also produce factors that
control the growth, differentiation and migration of endo-
thelial cells, mesangial and other smooth muscle and
interstitial cells. These interactions will eventually form the
three-dimensional architectural pattern of the adult kidney.
The development of this pattern was analyzed by Jean
Oliver using dissections of the branching tree in human
kidneys of different embryonic ages [14]. Our review will
re-cast Oliver’s comprehensive analysis in the language of
molecular cell biology. We will describe the development of
this pattern as a function of time and, where available,
introduce the recently acquired molecular information that
bears on these processes.
ELEMENTS OF THE ARCHITECTONIC PATTERN
Analysis of the pattern of branching is best performed
prospectively by studying its development in vitro or in vivo.
Retrospective analysis of the final result, by three-dimen-
sional reconstruction, or by the use of casts, is less powerful
since it will miss the presence of any remodeling events that
shape the final tree. Both approaches have been used in the
kidney, but the most comprehensive analysis was per-
formed by dissection of individual nephrons from human
embryonic kidneys.
All branching patterns are composed of only two struc-
tural elements: branch points and stems. In addition, other
factors are also critical to form the three dimensional
pattern, including the axes of branching, number of gener-
ations, the stereotypy (or lack of it) of the branching
pattern, its pace of development and fasciculation of the
branched elements. The formation and characteristics of
each of these are likely to be separately regulated.
Branching mechanisms can be divided into two very large
classes; in one, branching occurs only by cellular re-
arrangement, while the other requires cell proliferation as
well. Tremendous strides have been made in the under-
standing of some of the mechanism of the former, espe-
cially in the branching of the Drosophila trachea (see below
for a brief description). Vertebrate organogenesis, how-
ever, uses the second mode where cell proliferation is a sine
qua non.
Two types of branches can be differentiated. Lateral
branches (also termed monopodial) originate from a main
stem at equally spaced or random intervals. Lateral
branches often determine a lobule of an organ, for instance
in the breast, salivary glands and pancreas. This kind of
pattern is also found frequently during the development of
the blood vessels including capillary networks.
In bifid (or dipodial) branches the main stem divides into
two daughter branches similar in size to each other. Each
daughter branch can divide in a bifid manner until a
terminal set of branches is reached. The angle of bifurca-
tion is variable, but in the first bifurcation of the ureteric
bud it is as large as 180°. During kidney development, the
rapid appearance of bifid branching in rapid succession
often results in the appearance of trifid or a four way
division (carrefours). This occurs because of the rapidity
with which bifid branching occurs before elongation of the
stem of each branch. Similarly, although bifid branching
implies that the two resultant stems are of equal bore, in
fact in the kidney it had been observed that many of them
are of unequal size and thickness, especially in the early
days of development.
The analysis of these two types of branches is often very
difficult, and is ideally performed in a time lapse study of an
individual branch. The following morphological character-
istics of the branch need to be delineated: is it always
preceded by an ampulla ballooning out of the site of
branching; is there enhanced cell division to generate the
ampulla, or is the ballooning due to rearrangement of the
epithelium of the ureteric bud or attraction of cells from
the mesenchyme, as has been recently proposed [15].
THREE CONSECUTIVE BRANCHING PATTERNS
OCCUR DURING KIDNEY DEVELOPMENT
Formation of the characteristic system of the kidney
requires both lateral and bifid branches, which then form
three different patterns of branching that unfold one after
the other. Each pattern bears a specific quantitative rela-
tion to the others. The number of branches in a tree
composed of a simple repeating unit of bifid branches,
where the tip of each bifid branch divides into another bifid
branch is equal to 2n, where n is the number of bifid
divisions; we term this an iterative bifid branching system.
(Fig. 1A). However, microdissection of human embryonic
kidneys have shown that this simple pattern does not occur
in the kidney. This follows from the fact that each tip of the
branch induces and becomes connected to a nephron, and
that connection removes the tip from the possibility of
further branching. The growth and division of the ureteric
bud proceeds in two steps that occur in rapid succession.
The first is a lateral branch that then divides into two
terminal branches (Fig. 1B), referred to as a terminal bifid
branching system (terminal, because each tip does not
generate a further bifid branch). Micro-dissection of
nephrons shows that this pattern develops rapidly such that
it is sometimes not possible to see a pure lateral branch
followed by a bifurcation at its tip. Rather, a frequent
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image is a ballooned ampulla that starts to bifurcate and to
elongate in three axes, one to form a lateral branch and the
other two to form the yoke of a bifid branch (Fig. 1B). This
type of branching process is unique to the kidney and is
repeated 15 times during human nephrogenesis. The same
pattern is seen from the beginning. the budding of the
ureteric bud from the wolffian duct is the first lateral
branch that then divides into two producing the first bifid
branch point.
The stem carrying each tip elongates, as first suggested
by Peter [16], transporting it and its induced nephron
towards the developing cortex. From the shaft of the
elongated branch a new ampulla appears, which first grows
to form a lateral branch that then gets eventually trans-
formed into the yoke of a new bifid division capable of
inducing two new nephrons (Fig. 1B). As can be shown in
Figure 1B, the number of branches (nephrons) that results
from this pattern would be equal to 2(2n) 2 2, where n is
again the number of bifid branches. This pattern has been
called the closed divided system of branching by Oliver. For
15 of these terminal bifid divisions, the number of resulting
branches is only 65,534 nephrons, clearly much lower than
the number of nephrons in one human kidney.
The terminal bifid pattern of branching is unique to the
kidney and is a consequence of the fact that the branching
points induce a nephron and hence no longer can divide,
the tree forms by having the stem produce another lateral
bud. Based on the dissection of early embryonic kidneys, it
became apparent that the first five divisions and genera-
tions of ureteric bud undergo transformation into the pelvis
and calyceal system by increased growth, and dilation of
these early generation of tubules into the appropriate
number of calyces. In the human kidney, there is an average
of 8 papillae; into each papilla an average of 44 ducts of
Bellini open. In some animals, there is a single papilla while
in others the papillae fuse to form one complex papilla or
even a ridge of papillary tissue (crests). This raises the
question of whether these first few generations of branch-
ing are similar to the later ones; for instance, do they
induce nephrons also or do they simply dilate to form the
calyces? Oliver refers to studies performed by Kampmeier
[17], who dissected two-month-old human embryonic kid-
neys and found that the early branches indeed induced
nephrons, which in all likelihood were transported up to
the cortex by differential elongation of the branches.
The remainder of the nephrons develop by two addi-
tional methods. After the 15th division has occurred (some-
times after the 13th or 14th) several nephrons get induced
simultaneously around the stem of the elongating branch.
The connecting tubules of each of these nephrons then join
the branch close to each other to form an arcade (Fig. 2A).
There is some variation in the arcade system; as many as
half of the late branches do not have arcades and the rest
have one to five nephrons per arcade, but on average there
are three nephrons per arcade. In the adult kidney, arcades
are located in the deep cortex. After the arcades form, the
terminal branch of the 15th generation begins to elongate
and to develop a succession of ampullae whose shape is
different from those that occurred during the earlier phase
of bifid branches in that they are less ballooned, more
pointed and sometimes triangular. These ampullae occur
near the tip, but the branch continues to elongate into the
cortex leaving the ampullae to induce nephrons on each
side of the terminal branch (Fig. 2B). These branches are
clearly lateral (monopodial) branches and have been
termed the open divided system by Oliver. By the time this
branch terminates in two final branches, an average of 10
nephrons have been induced per cortical system. When
these numerical averages are used, one million nephrons
per kidney are generated, which is the expected number
(but see below for a further discussion of the number of
nephrons).
The molecular and cellular basis of the three mecha-
nisms of branching in the kidney require elucidation.
Whether the differences among them represent minor
variations on one general theme or are the consequences of
three fundamentally different mechanisms remain to be
determined. There is certainly no reason to conclude at
present that they will have the same mechanism. Different
patterns of branching are not limited to the kidney. They
also exist in the lung, where after a certain number of bifid
branches occur, the terminal bronchiole opens into the
alveolar sac that is composed of many cavities that open
into a common atrium.
Fig. 1. Types of branching. (A) Iterative bifid branching. (B) Terminal
bifid system, a unique renal type of branching; a lateral branch followed by
a terminal bifid branch. N 5 number of bifid branches.
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POTENTIAL CELLULAR AND MOLECULAR
MECHANISMS THAT MEDIATE BRANCHING
MORPHOGENESIS
To form the lateral and bifid branching structures, cells
must organize themselves into tubes and a lumen must be
created. In addition, branch points must be created and
anchored. Controls must exist that regulate the sequence of
branching events and the length and diameter of each
branch. To develop an ampulla and later a branch, cells in
that area have to escape from the restriction imposed by
their cell adhesion molecules and by the basement mem-
brane, and they then have to proliferate. Elongation of the
branch, on the other hand, must represent a different
process whereby within the general inhibitory confines of a
sheath of ECM proteins, the appropriate matrix is provided
for proliferation to occur. The first morphological evidence
of branching is the appearance of the ampulla, which is a
group of cells that appear to have rapidly proliferated in
one restricted area of the tubule. Presumably a similar
process occurs when the ureteric bud appears from the side
of the wolffian duct. Specification of a region such as the
ampulla implies that a specific transcription factor has been
activated, and one such candidate is the Pax2 gene [18, 19].
In situ hybridization demonstrated that the ret receptor
tyrosine kinase is highly expressed in a localized manner
only in the ampulla and later in the tips of branches [20].
Recent studies also suggest that a cell adhesion molecule
(Ksp-cadherin; for kidney specific cadherin) is not ex-
pressed in the cells of the ampulla but is present in the shaft
of the dividing tubules [21]. Electron microscopic examina-
tion of that region has demonstrated that the basement
membrane is no longer continuous [13, 15]. Further, it
appears that the induced mesenchyme expresses metallo-
proteinases, while the shaft of the branch expresses high
concentrations of the tissue inhibitor of metalloprotein-
ase-2 [22, 23]. Hence, regulation of the integrity of the
extracellular matrix and cell to cell adhesion by secreted or
membrane bound factors could be critical in determining
the region of the stem that will sprout a lateral branch.
Induction of the metanephric mesenchyme is the central
question in kidney development and the inducing unit, the
ampulla of the ureteric bud is also the region of the
branching point. Whether the inductive process is mediated
by the same transcriptional program as that of branching
remains to be determined. Induction occurs by a process of
reciprocal exchange of information. The tip of the ureteric
bud instructs the metanephric mesenchyme to change its
cell type and the induced mesenchyme instructs the ure-
teric bud tip to grow and perhaps also to divide further.
This interaction is reminiscent of that occurring in a
synapse, where both pre- and post-synaptic cells send
signals to produce strengthening of the synapse. Like the
synapse, it is likely that this interaction involves many
molecules. Because of the location of RET [20], in the tips
of the inducing bud and the absence of kidneys when this
gene is deleted [24], it is likely that this receptor tyrosine
kinase is central to this phenomenon. GDNF is produced
by the metanephric mesenchyme and acts as the ligand for
RET [25], and its deletion produces essentially the same
phenotype as ret knockout, that is, no kidneys. This is the
first identified loop of reciprocal induction, the ureteric bud
produces growth factors that rescues the GDNF-producing
mesenchyme from apoptosis and GDNF induces new
Fig. 2. Arcades and lateral branching patterns in
the kidney. (A) Arcades develop by simultaneous
induction of several nephrons whose connecting
tubules fuse and then elongate to form the arcade.
(B) The final branch continues to induce as it
elongates towards the cortex generating laterally
situated nephrons.
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branching. In another loop, a mesenchymal metalloprotein-
ase with ureteric TIMP2 was recently identified [22]. Be-
cause deletions of WNT4 and BMP7 also lead to severe
defects in kidney formation, it is important to analyze these
mutations for the stages at which they exert their effects.
WNT4 deletion leads to a phenotype that is different from
that of RET [26]; there seem to be at least the beginnings
of an inductive process and a few nephrons form, but very
rapidly the processes of development stop. Mice lacking
BMP7 have gross defects in kidney development that
become apparent soon after the initial induction, although
it seems that there is some variability in the pattern of the
defect [27, 28]. It had been demonstrated that addition of
antibodies or anti-sense RNA to some growth factors (such
as, IGF [29] or HGF [30]) or receptors (such as NGFR
[31]) results in cessation of renal development, and yet
knockout of the genes has no effect on nephrogenesis. To
reconcile these differences, quantitative studies need to be
performed to assay nephron number, pattern of branching,
pattern of lengthening and other functions discussed above.
DIFFERENTIAL GROWTH OF STEMS
The stem, the length between each branch point, is a
critical generator of the architectural pattern. One of the
major advances in renal embryology was the identification
of the differential growth of a zone of the stem that lies
immediately adjacent to the inducing tip [16]. The growth
of this “intercalated” zone transports the newly induced
nephron towards the future cortex. An examination of the
length of the stems of the collecting system shows that the
earlier generations have shorter stems than the later ones.
Oliver performed a detailed analysis of the rate of growth
of these branches as a function of time and found that after
the fourth month of embryonic life, the length of the 10th to
15th generation increase dramatically and continues to
increase even after birth. The length of the earlier gener-
ation increases at a much slower rate. However, dissection
of individual kidneys at different dates showed that the
length of any single generation is not predictable. In some
kidneys one generation (such as the 11th) has a very high
rate while another generation (such as the 14th) was much
slower; in another kidney the reverse may be true. This
randomness was ascribed by Oliver to be largely due to the
location of the segment in the kidney. Segments that
happened to be present in the central medulla (that is,
between future cortex and future papilla) grew very rapidly,
while those that were located in the inner medulla length-
ened very little. After birth, the rates of growth of the
central medulla continued to be very high, but now
branches present in the cortex also lengthened at fast rates.
These findings demonstrate the highly regulated nature
of differential growth of the branching tree and raise
important questions regarding its mechanism. The ob-
served pattern of lengthening implies the existence of
gradients of external growth promoting activity that are low
in the inner medulla and high in the central medulla and
eventually cortex. During elongation, branching must be
inhibited but proliferation between branch points must
increase. What is the growth factor that causes prolifera-
tion and what inhibits branching in the lengthening branch?
Is it merely the absence of GDNF/c-ret, to mention only
one set of candidates, or is there a specific inhibitor of a
signaling molecule? Recent studies in a number of devel-
opmental pathways have identified the presence of extra-
cellular inhibitors of growth factors that are present simul-
taneously with the factor. For instance, in the wnt pathway,
the soluble receptor (Frizzled b) acts as an inhibitor of
activation of the membrane bound receptor [32]. One
would then expect to see increased localization of this
inhibitor along the stem of the lengthening branch. Similar
studies have shown that in the decapentaplegic (DPP)
pathway, an inhibitor (SOG) is present simultaneously with
an activator (TOLLOID) in the extracellular space [33].
Clearly, this is a fertile area of research, and one that
requires development of assays specific to this question of
local effect on stem lengthening.
AXES OF GROWTH OF TUBULES AND VESSELS
The kidney’s eponymous shape results from unequal
growth of three axes: dorso-ventral (D-V), medio-lateral
(M-L) and rostro-caudal (R-C) (note that those of us raised
on human anatomy incorrectly think of the dorso-ventral
plane as the antero-posterior). Describing growth along
these axes is a matter only of convenience, not necessarily
because they correspond to the true axes of growth of the
tubules and vessels per se, which may be curvilinear.
Nevertheless, these axes have interesting complexities,
many of which are well recognized by renal anatomists and
physiologists. As one traverses the M-L (cortico-medullary)
axis from the tip of the papilla to the cortex, a cross section
will show that the relationship of tubular structures to
blood vessels has characteristics specific to each region
(Fig. 3). In the rostro-caudal axis, lobules are formed
proportional to the number of papillae and calyces. This
relationship is neither arbitrary nor constant among spe-
cies. Furthermore, the nephrons in the poles of the kidney
(the rostral and caudal ends) are recognizably different
from those in the more central regions in that there is
extensive curvature of the collecting system in these poles.
The dorso-ventral axis is the most ignored dimension.
Based on current literature, anatomists have not examined
the reason why its thickness is limited. While the studies of
Oliver have laid the foundations of our understanding of
the pattern of branching in human kidneys, they are limited
by the fact that the dimensionality had been reduced (the
drawings are depicted in 2D). Dissected nephrons were
presented in an “espaliered” version, the third (D-V)
dimension being ignored. Using confocal microscopy we
were able to detect branches that sprouted perpendicularly
into the dorso-ventral plane in an embryonic day 15 rat
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kidney (Fig. 4). An a priori analysis indicates that the
regulation of branching (specifically the length of stems) in
the D-V axis must be different from that in the other axes
since the thickness of the kidney in that axis is much smaller
than that in the rostro-caudal and cortico-medullary dimen-
sions, suggesting that branching in this plane does not go
beyond a few generations. This analysis suggests that
budding and elongation in any direction is independent
from that in the other two dimensions. The genetic basis for
development of structures in different axes in the kidney
are unknown at present. One intriguing result was observed
in mice deleted for the winged helix type of transcription
factor, BF-2 [34], which were found to have very small
kidneys that are rotated ventrally at 90°, demonstrating that
the branching pattern in this axis could be independently
determined. There is a reduction in the number of branches
and consequently nephrons, and also gross abnormalities in
the appearance of the induced mesenchyme. In addition to
its potential as an axis determining factor, perhaps the most
intriguing result is that BF-2 is only expressed in stromal
cells that surround the metanephric mesenchyme, clearly
indicating that these long-ignored cells have a critical
function in nephrogenesis.
The relationship of this three-dimensional epithelial
branch network to that of the developing vascular system is
more obscure. Renal vascular anatomy, unlike that of other
organs, is strictly predicated on the necessity that each
nephron is supplied by its own independent vessel and the
renal circulation is only the sum of these units. This implies
that the development of glomerular epithelium and vascu-
lature develop pari passu. However, the relation of the
development of the major branches of the interlobar and
arcuate arteries to that of the later divisions of the collect-
ing system remains to be identified. These arteries are
largely present in the cortex, a structure that does not form
until after at least 10 generations of ureteric bud divisions
have occurred. However, they do travel in all three axes
mentioned above. For instance, in the dorso-ventral plane
the renal artery divides into two major branches, an ante-
rior and a posterior (termed so in humans), each of which
serves to supply blood to the appropriate halves of the
kidney. Interlobar arteries branch from the renal artery and
travel through the cortico-medullary plane (M-L axes). The
arcuate artery arises from the interlobar arteries and travels
in the rostral-caudal (R-C) plane. Whether the progenitors
of these vessels also develop with the same three-dimen-
sional relationships is unknown, as is the role that the
branching ureteric bud plays in their formation.
Preliminary evidence suggests that endothelial cells (von
Willebrand factor positive cells stained with rhodamine)
demarcate the lobar structure of the embryonic day 14
kidney in the M-L (cortico-medullary) axis (Fig. 5A) prior
to the presence of the renal artery. Higher magnification
reveals apposition of the endothelial cells to the tip of the
ureteric bud, stained in Figure 5B with an anti-cytokeratin
antibody labeled with fluorescein. The temporal relation-
ship between the appearance of endothelial cells and the
Fig. 3. Corticomedullary structures in the adult kidney. Note the different distribution of structures in this axis. Further, note the bundling of the
vascular tree and the loop of Henle that occurs in the different regions. Medulla is represented two sections; by inner stripe (is) and outer stripe (os).
Based on studies of Kaissling and Kriz in rabbit kidneys [62].
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ureteric bud showed that when the ureteric bud first enters
the metanephric mesenchyme no endothelial cells are
present in that region. A short time later endothelial cells
appear outside the metanephric blastema and they migrate
towards the dividing ureteric bud. They then continue to
closely follow its branching [35]. We generated a monoclo-
nal antibody that recognizes a protein which radiates from
the ureteric bud and labels the extracellular matrix under-
neath the endothelial traveling with the ureteric bud [36].
Interestingly, this antibody resulted in a reduction of the
association of endothelial cells with the ureteric bud
branches, suggesting that this protein is critical to the
localization of endothelial cells in their appropriate posi-
tion. This association suggests that the location of the hilum
is determined by the interaction of the ureteric bud with the
vascular endothelial cells. While these studies have sug-
gested that endothelial cells invade the kidney from the
outside, they do not enter as sprouted blood vessels, that is,
by angiogenesis. Furthermore, there have been studies
suggesting that endothelial cells form in situ in the meta-
nephric mesenchyme by differentiation of precursor cells,
by a process termed vasculogenesis [37]. Given the pres-
ence of these two modes of blood vessel formation, it would
be important to test whether the microvasculature of the
glomerular circulation originate by the same mechanism as
that of the major branches of the renal artery.
MORPHOGENESIS OF THE INDIVIDUAL NEPHRON
Development of nephrons requires programmed differ-
entiation that will determine segmentation of the nephron
into its components followed by terminal differentiation of
the cells in each segment. In addition, since each nephron
starts in the cortex, descends into the medulla, loops back
into the cortex and finally descends again into the medulla,
a number of specific events are required to form this S
shape. For each nephron, one single point must be specified
that guarantees that the collecting tubule is at the same
geographic location as the proximal straight tubule and the
top of the thick ascending limb of the same nephron. With
these three segments in place, elongation of the proximal
and distal tubules above the fixed point will produce the
convoluted tubules in the cortex. Elongation between the
proximal tubule and thick ascending limb downwards to-
wards the papilla will generate the loop of Henle. How
would the future loop be specified? Is there a gradient of
chemo-attraction that forms a loop and then “pulls” it
towards the papillary tip? Earlier embryologists have noted
that the bend of the loop is thicker than ascending or
descending limbs [38]. This bend remains the thickest part
until maturation, and inspection of the photographs in
these publications demonstrates that the reason for this
enlargement is an increase in the number of cells at the
bend, suggesting that what occurs is not only chemoattrac-
tion but also proliferation of the loop cells. In addition,
because the glomerulus adheres to its macula densa it need
not be fixed in the three dimensional space of the cortex; it
could “float” to find its final position.
There is a unique three-dimensional arrangement of
each nephron. The loop of Henle and the collecting tubule
form a tight and distinctive arrangement with the ascending
and descending vasa recta, which are connected to that
individual nephron’s cortical circulation. Figure 3 shows the
arrangement of the structures of a single nephron in the
cortex, medulla and papilla. Note the bundling of the
nephron elements in the medullary ray in the cortex and the
appearance of fascicles of blood vessels, thin limbs and
collecting tubules in the medulla and papilla. This individ-
ual fasciculation must be mediated by tight and specific
adhesive interactions between different epithelia and blood
vessels of each nephron. It is remarkable that the process
has not been randomized in the medulla where thousands
of loops are present with their own blood vessels. The
obvious arrangement of all medullary segments, loops and
collecting tubules in fascicles that eventually drain into the
pyramids of the papilla are also another, though more
Fig. 4. Three-dimensional branching of the ureteric bud. Confocal im-
ages of an E15 kidney with ureteric buds stained with anti-cytokeratin
antibodies. The X-Y plane (lower panel) was sectioned at the dotted line
to generate the Y-Z plane shown in the upper panel. In the top panel the
white arrow shows a dividing branch in the Y-Z, that is, dorso-ventral
plane. Its location in the X-Y plane below is marked by a black arrowhead.
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macroscopic, fasciculation. How these associations develop
and how are they maintained are unknown.
IN VITRO MODELS OF BRANCHING
MORPHOGENESIS
When MDCK epithelial cells are cultured in a three-
dimensional matrix, a cyst forms that in the presence of
hepatocyte growth factor (HGF) starts to sprout branches
in all directions [39, 40]. Where is the information that
leads to the anisotropy that a branch represents? Perhaps
there is a stochastic element to forming branches, for
instance, cells that are dividing might generate one or more
types of proteases, and if enough of these proteases are
produced in one region it would allow them to escape from
the confines of the ECM sheath [41]. The implication
though is that the whole growing tubule is operating under
a strong inhibitory influence perhaps mediated by trans-
forming growth factor-b (TGF-b) [42]. Recent develop-
ments have attempted to improve the power of this ap-
proach by using cells derived from embryonic kidneys, such
as ureteric bud or mesenchymal cell lines [43] or the use of
cells derived from mice lacking a morphogen [44]. These
models might be useful to think about what is needed for
budding, such as, proteases, inhibitory factors, adhesion
molecules and signaling pathways [45]. However, the
branching pattern of each organ is specific to that organ.
Hence, any discovery made using these models will have to
be related back to the developing kidney to examine
whether it represents a component of an authentic pathway
that operates in situ.
BRANCHING WITHOUT CELL REPLICATION:
TRACHEAL BRANCHING IN DROSOPHILA
The identification of molecular pathways that determine
branching morphogenesis is clearly one of the major aims
of research in kidney development. Studies in the fruit fly
have identified one such pathway that included molecules
such as fibroblast growth factor (FGF) with counterparts
that are critical for mammalian organogenesis [46]. The
trachea of the Drosophila embryo is a bilaterally symmet-
rical system of epithelial tubules that is repeated in each of
ten segments. The pattern forms from a cluster of 80 cells
in each hemi-segment that form the tracheal sac. After an
initial invagination a set of six primary branches develop,
each of which has a characteristic length, direction and time
of formation. The primary branches arise by cell migration,
which is followed by elongation and stretching of each cell.
The lumen of the branch is formed by two cells (usually)
that fold and contact each other. A stereotyped program
follows in which secondary branches develop. Many of
these arise from the tips of primary branches, although
some arise from internal positions. Most secondary
branches give rise a large network of terminal branches late
in embryogenesis whose lumen forms by either fusion of
intracellular vesicles or by the folding of the cell to form a
tube where the two edges form an “auto-cellular” junction.
This lumen is continuous with that formed by intercellular
junctions in the primary branches. Some of the latter fuse
with equivalent branches from a different segment to form
transverse ducts that connect the branches of all the
segments.
Fig. 5. Embryonic rat kidney at day 14. (A) Endothelial cells were stained by rhodamine coupled antibodies to von Willebrand factor. The ureteric bud
was stained by anti-cytokeratin antibodies labeled with fluorescein and analyzed by confocal microscopy. (B) Higher magnification of a slice from A.
Arrow points to endothelial cells located immediately adjacent to a ureteric bud while the arrowhead points to a potential future interlobar vessel.
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A number of genes that interfere with this orderly
process have been discovered. Mutation in the branchless
gene (bnl), as the name implies, leads to defects in the
patterning of these branching events. BNL is expressed in
cells around the original tracheal sac and is also later
expressed in cells that form the tips of primary branches.
BNL is a homologue of the vertebrate FGF gene [47]. In
the extracellular matrix it is inactivated by binding to the
sprouty gene product [48]. It binds to the product of the
breathless gene (btl), a receptor tyrosine kinase that is
homologous to vertebrate FGF receptors [49]. The bnl/btl
pathway also mediates the migration and re-organization of
the cells during secondary and terminal branching. Signal
transduction by BNL seems to follow typical RTK pathways
in that a number of transcription factors get activated,
including the transcription factors pnt and DSRF (Dro-
sophila serum response factor).
Unlike Drosophila, mammals have several FGF genes, a
number of which are expressed in the ureteric bud during
development, and it is likely that they play an important
role in kidney development, but their exact role is not clear
at the moment. Basic FGF is clearly a growth factor for
metanephric mesenchyme [50] and it had been suggested
that it might also be involved in induction [51, 52]. How-
ever, deletion of bFGF does not lead to an obvious kidney
defect.
MATHEMATICAL ANALYSIS
The unfolding of a morphogenetic program with its
formal and beautiful changes in shape that is often stereo-
typed has always attracted the interest of mathematicians.
D’Arcy Thompson’s comprehensive treatise on the mathe-
matics of morphogenesis has exerted a strong pull on the
imagination of several generations of students of this field
[53]. Although this book almost a century after it was
written is a delight to read, application of its concepts has
yet to yield the promised fruits. In 1952, Turing, the
celebrated mathematician who cracked the German
Enigma code during World War II, wrote a very influential
paper on morphogenesis [54]. In it he demonstrated the
“improbable” result that simple diffusion of a chemical
from a source could generate local sharp peaks or troughs
of concentration in a field. These peaks develop only when
the ratio of the rate of production of the chemical to its
diffusion coefficient falls within a very limited value in some
region of this diffusion field. These conclusions implied
that reduction of the diffusion coefficient of a molecule
could have the far-reaching effect of producing local gra-
dients. More complex models describing the interaction of
two factors, one an activator and the other an inhibitor,
have resulted in solidifying the idea of a developmental
gradient that could determine the specification of the fate
of a cell [55, 56]. The predictions of these papers has been
amply documented in recent times when it became clear
that many morphogens (Turing’s term) are present in a
gradient, and that reductions of the diffusion coefficient
occurs because of the interaction of the active principle
with proteins that adhere to the extracellular matrix.
That branching is a repetitive and stereotyped process
had suggested to some that an approach based on fractal
geometry might improve one’s understanding of this pro-
cess [57, 58]. However, the asymmetric progression of
nephrogenesis (and even lung morphogenesis) will limit the
application of fractal analysis to these processes.
CLINICAL IMPLICATIONS
The number of generations and divisions is the ultimate
determinant of the number of nephrons. Two issues are
critical here: how stereotyped is this and what possible
mechanism could account for a constant or near constant
number of generations? As was discussed, the ureteric bud
undergoes 15 bifid divisions followed by the formation of
arcades and lateral branching. Recent quantitative analyses
have confirmed much older studies that the number of
nephrons in the human kidney is more variable than the
“one million per kidney.” Using different methods of
quantitative morphology, the same investigator found a
variety of nephron numbers with a spread of values prob-
ably greater than can be accounted for by methodological
error. Numbers as low as 300,000 and as high as 1,780,000
have been found, with recent averages of about 600,000
[59–61].
Different animals vary in their nephron numbers, from
30,000 in the rat to almost 200,000,000 in the whale.
Unfortunately, little is known about the quantitative archi-
tecture of these animals. As far as we know, only in the
rabbit kidney is it known that all three mechanisms of
branching, that is, the terminal bifid, arcades and cortical
lateral, participate in formation of the renal architecture
[62]. Given that the number of nephrons in rabbit kidney is
5% of that in human kidneys, which of the three modes of
branches has a lesser number? Is it the number of the initial
wave of bifid branches, the average number of nephrons on
an arcade or the number of lateral cortical nephrons? A
systematic analysis of the pattern of branching could reveal
an interesting answer to this puzzle.
An important recent hypothesis has suggested that the
number of nephrons in humans is associated or may even
be an important cause of many diseases of the kidney.
These include hypertension and the genetic propensity to
develop glomerulosclerosis in response to renal injury [63].
The kidneys of individuals with reduced glomeruli are
normal by the usual criteria of histopathology. Since the
ultimate determinant of nephron number is the number of
branches, it is likely that the cause of less nephrons in some
individuals is due to premature cessation of branching and
induction. Alternatively, its tempo may have been slower,
and then the program of branching was turned off before a
large number of nephrons was made. Since branching
occurs in bursts, drugs, maternal nutritional status and
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other intrauterine events might interfere with the ultimate
number of nephrons [64, 65]. There is some suggestion in
the literature that premature birth is associated with a
decreased number of nephrons. Nephrogenesis in humans
continues until the eighth month of embryonic life, and
hence, it is not surprising that birth with its attendant
changes in circulation, oxygenation and a variety of hu-
moral factors may interrupt this late phase of nephrogen-
esis. These considerations add an urgency to examination
of the molecular basis of determination of the control of
branching during kidney development.
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